Observations, atmosphere models forced by historical SSTs and idealized simulations are used to determine the causes and mechanisms of interannual to multidecadal precipitation anomalies over southeast South America (SESA) since 1901. About 40% of SESA precipitation variability over this period can be accounted for by global SST forcing. 
Introduction
Southeastern South America (SESA), here defined as the area east of the Andes between 20
• S and 40
• S including southern Brazil, Paraguay, Uruguay and northern Argentina, has experienced a trend towards increased precipitation throughout most of the last century (Liebmann et al., 2004; Haylock et al., 2006; Barros et al., 2008) . This has enabled a growth in agricultural production (Viglizzo and Frank, 2006) and sustained an increase in river flow (Genta et al., 1998) . In addition, precipitation over SESA has varied on interannual to decadal timescales and these too have serious impacts on agriculture, streamflow, water resources and power generation (e.g. Robertson and Mechoso (1998) ). Indeed there is substantial evidence that SESA underwent a multiyear drought, soil erosion and dust storms during the 1930s just as North America did, the so-called 'Pampas Dust Bowl' (Viglizzo and Frank, 2006) . Improved understanding of the causes of interannual to multidecadal precipitation variability has the potential to translate into improved prediction and incorporation of climate information into regional planning on interannual and much longer timescales. A particular question that needs to be answered is whether the long term wetting trend within the last century is natural, anthropogenic, will continue or will reverse. The future of agriculture in SESA will depend in large part on what the answer to this question is.
Much work has been done linking SESA precipitation on interannual timescales to the El Niño-Southern Oscillation (ENSO) with El Niño conditions being shown to cause increased precipitation (Aceituno, 1988; Pisciottano et al., 1994; Grimm et al., 2000; Pezzi and Cavalcanti, 2001; Paegle and Mo, 2002; Grimm, 2003) . El Niño conditions have also been shown to lead to increased flow in the rivers that drain SESA (e.g. Robertson and Mechoso (1998) ). The link to ENSO is strongest in austral spring, weak in summer and stronger again in fall (Grimm et al., 2000; Cazes-Boezio et al., 2003; Barreiro, 2009 ), a seasonal dependence that probably reflects the weaker teleconnections in the austral summer atmosphere (Cazes-Boezio et al., 2003) , even as ENSO sea surface temperature (SST) anomalies peak in that season. The ENSO influence on SESA precipitation, when it works, can be understood in terms of tropical SST and heating anomalies forcing the Pacific-South America (PSA) teleconnection pattern (Mo and Higgins, 1998; Kidson, 1999; Grimm, 2003) and also in terms of an influence on the southern hemisphere jet stream, transient eddy propagation and eddy-driven vertical motion (Seager et al., 2003 (Seager et al., , 2005a . Grimm and Zilli (2009) , while emphasizing the ENSO connection, also suggest that regional soil moisture-atmosphere feedbacks, triggered by ENSO in the spring, can cause summer precipitation anomalies. The atmospheric response to tropical Pacific Decadal Variability (PDV) works in a similar way to the response to ENSO and partly explains wetter conditions in SESA for the two decades following the 1976/77 warm shift in tropical Pacific SSTs (Huang et al., 2005) . Further, it has been argued that the ENSO impact on SESA precipitation is influenced by the phase of Pacific decadal variability (Andreoli and Kayano, 2005; Barreiro, 2009 ).
ENSO does not fully explain the potentially predictable part of SESA precipitation variability. Other workers have examined the impact of variability in the South Atlantic
Convergence Zone (SACZ) on SESA precipitation and have identified links of the SACZ and SESA precipitation to SST anomalies in the subtropical and tropical Atlantic Ocean, although there is much debate as to the extent to which the SACZ variability forces South Atlantic SST anomalies or vice versa ( Robertson and Mechoso (2000) ; Pezzi and Cavalcanti (2001) ; Barreiro et al. (2002) ; Doyle and Barros (2002) ; Paegle and Mo (2002) ; Haarsma et al. (2003) ; Trzaska et al. (2007) ; see also Chaves and Nobre (2004); De Almeida et al. (2007) ; Taschetto and Wainer (2008) ) and probably there is considerable internal atmospheric variability of the SACZ that is unpredictable. Robertson and Mechoso (1998) also found a link between cold tropical Atlantic SSTs and increased river flow in SESA. The dynamical mechanisms for a control on SESA precipitation of Atlantic SST anomalies are not fully understood. The Southern Annular Mode (SAM), the leading mode of southern hemisphere atmospheric circulation variability (Thompson and Wallace, 2000) , has a seasonally varying impact on SESA precipitation (Silvestri and Vera, 2003) but in part this reflects the strong link between ENSO and the SAM (L'Heureux and Thompson, 2006) and it also appears that the influence may not have been stable over time (Silvestri and Vera, 2009 ). Chan et al. (2008) have also argued for an impact of Indian Ocean SST anomalies on South American precipitation.
Despite these efforts to explain SESA precipitation variability using both observations and models, to our knowledge no one to date has assessed the ability of SST-forced atmosphere general circulation models (GCMs) to reproduce the past history of SESA precipitation as has been done for, for example, the Great Plains and southwestern North
America by Schubert et al. (2004a) , Seager et al. (2005b) and Seager et al. (2009a) , for the Southeast United States by Seager et al. (2009b) and for Africa by Giannini et al. (2003) , Held et al. (2005) and Hoerling et al. (2006) . Consequently the causes of the actual interannual and decadal variabilty of SESA precipitation remain not fully explained. Further, the large scale atmospheric dynamical mechanisms that link Pacific and Atlantic SSTs to SESA precipitation still require explaining, especially in the case of Atlantic forcing. Finally it has not been determined if anthropogenic climate change has contributed to SESA precipitation trends over the last century.
In the current paper we will build on prior work and:
• Examine a century long precipitation data set to describe and characterize the history on interannual to multidecadal timescales of SESA precipitation. The SESA precipitation history in equivalently long model simulations forced by global SSTs, and by tropical Pacific SSTs alone, will be examined.
• Observed and modeled precipitation will be analyzed to determine the links between SSTs and SESA precipitation variability and the associated circulation anomalies.
The links to the tropical Pacific and the Atlantic Oceans will be examined.
• Large ensembles of 100 day long atmosphere GCM simulations in which a tropical Atlantic SST anomaly is imposed on day 1 will be analyzed to determine cause and effect in the response of SESA precipitation to tropical Atlantic SST anomalies.
It will be concluded that, despite the precipitation impacts of annular mode and other variability not forced by SST anomalies, a surprisingly large portion of SESA precipitation variability is caused by variations in SST with the tropical Pacific and Atlantic Oceans providing the driving. These together explain most of the interannual to multidecadal variations, including the wetting trend fromthe 1930s on. However the century long term wetting trend is at best partially explained in this manner and, if it is real, remains a mystery since it is much larger than that obtained from simulations of radiatively-forced SESA precipitation change.
Data and models
The precipitation data used is the 1 by 1 degree gridded data from the Global Precipitation Climatology Centre (GPCC) and covers 1901 to 2007 (Rudolf et al., 1994; Schneider et al., 2008) . The station coverage varies considerably with just 42 stations in the SESA region in January 1901, and most of those being in northeast Argentina, rising to over one thousand in the early 1990s and with good coverage. The main increase in coverage occurs in 1950 but we chose to use all the data because of our interest in long term variations, the 1930s drought and because, after checking, we saw no reason to exclude the early data (see next section). To examine circulation anomalies we use the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR)
Reanalysis which covers 1949 to the present (Kalnay et al., 1996; Kistler et al., 2001) .
SST data is taken from the Hadley Centre HadISST data set (Rayner et al., 2003) .
The atmosphere GCM used is the Community Climate Model 3 (CCM3) (Kiehl et al., 1998) run with triangular truncation at total wavenumber 42 and 18 vertical levels. • N) only and computes SST with a two level entraining mixed layer ocean elsewhere. A specified 'q-flux' is imposed in the mixed layer ocean to mimic the effects of dynamical ocean heat transport. This is the Pacific Ocean Global
Atmosphere-Mixed Layer (POGA-ML) model. More details on the models and their set up can be found in Seager et al. (2005b) . All simulations began with different January initial conditions on January 1 1856 but here, to coincide with the GPCC precipitation data, only the 1901 to 2007 period is analyzed.
To examine radiatively-forced climate change we used all 24 models participating in the Intergovernmental Panel on Climate Change Assessment Report Four (IPCC AR4, also known as CMIP3 (Meehl et al., 2007) ) examining their simulations of 1900 to 1999
with historical trace gas, aerosol, solar and volcanic forcings and, in some cases, changes in land use linking these with the 'middle of the road' emissions scenario (SResA1B) for the 2000 to 2007 period.
Analysis of observed precipitation variability and change and links to global SSTs
The problem to be addressed is shown in Figure The long term trend to wetter conditions appears to be influenced by some very prominent dry spells in the early part of the century when few rain gauges appear in the 6 GPCC data set. Since the area average could be influenced by shifts in the regions of data coverage we have also examined the century long precipitation histories in individual grid boxes within the GPCC data set that have continual coverage. In these the wetting trend also appears in more cases than not (not shown). We conclude that there is no reason to a priori reject the century long wetting trend as unreal but that it should be treated with while it is possible that the observed wetting trend is contributed to by anthropogenic climate change, it is also possible that it is dominated by multidecadal time scale natural variability with an amplitude greater than that contained within any of the AR4 models.
[ Niño conditions. However, to examine the issue further we produced a SESA precipitation index from which the influence of the tropical Pacific has been removed by regressing out the part dependent on the TP index, month by month. This leaves the wetting trend as dominant and to isolate the non-ENSO variability we also detrended this time series.
We refer to this residual time series as the 'ENSO removed, detrended, SESA' index. We then correlated this index with global SST and the results are shown in Figure 5 .
[ Figure 5 Robertson and Mechoso (1998) 
Modeled associations between SESA precipitation and global SSTs
We next repeat these correlation analyses with the GOGA modeled SESA precipitation.
The seasonal correlations between ensemble mean SESA precipitation and global SSTs also show a strong link to the tropical Pacific. Figure 
SESA precipitation
The tropical Pacific influence on precipitation over South America has been studied before (e.g. Karoly (1989) , Mo and Higgins (1998) , Mo and Paegle (2001) , Cazes-Boezio et al. (2003), Grimm (2003) ). Essentially, and analagous to the situation in the northern hemisphere, tropical Pacific heating anomalies responding to SST anomalies force Rossby wave teleconnections and a wave pattern arching southeastward from the equatorial Pacific
Ocean to South America. This tends to create a barotropic low over SESA during El Niños that presumably is linked to the increased precipitation. Here we will focus on the less studied link between tropical Atlantic SST anomalies and SESA precipitation.
To further set the stage, Figure Within the timescale of initial value predictability (one to two weeks) the solutions within the ensemble vary little and, comparing the two ensemble means on a day by day basis, reveals a clean evolution of the circulation and precipitation in response to the SST forcing. On longer timescales the solutions within the ensemble begin to differ as a result of chaos and time averaging is also needed in order to isolate the SST anomaly-forced signal. This methodology has previously been used in Seager et al. (2009a) to examine the response over Mexico, Central America and the Intra-America Seas to northern hemisphere summer season ENSO anomalies.
In Figure 11 we present the ensemble mean of the cold tropical Atlantic SST anomaly experiment minus the ensemble mean of the warm anomaly experiment for the precipitation (colors) and 200mb height (contours) for individual days and for the 100 day mean.
Precipitation quickly reduces over the cold tropical Atlantic waters and upper tropospheric low pressure develops centered on the equator to the east and off the equator to the west. This is as in the Gill (1980) These results indicate that to understand why cold tropical Atlantic SST anomalies induce increased precipitation over SESA we need to understand why they induce anomalous upward motion in the area. To do that we analyze the day by day evolution of the 200mb vorticity budget which can be written as:
Here ζ is relative vorticity, u is the vector flow, f is the Coriolis parameter and β After all the terms had been evaluated it was found by inspection that, for the tropical Atlantic and SESA region of interest, the stretching term involving the anomalous vorticity and the mean divergence, ζ ′ ∇ ·ū, the transient eddy vorticity convergence anomaly,
′ , and the damping anomaly were negligible compared to the order of magnitude of the other terms so Eq. 1 can be simplified to:
The time evolution of the upper troposphere flow, plotted together with the mean absolute vorticity, is shown in Figure 13 The solution departs from the Gill (1980) response in that the advection of relative vorticity by the mean and anomalous flow is also important. Examining the magnitude of the individual terms within the model solution suggests that Eq. 2 can be simplified further as:
The meridional gradient of mean relative vorticity is positive in the region of the south- It is also the case that warm tropical Atlantic SST anomalies contributed to the North American Dust Bowl drought (Seager et al., 2008) and, hence, it now appears that these contributed to contemporaneous droughts in the extratropics of both hemispheres. The more severe drought of the two was the North American one, partly because of effective forcing by cold tropical Pacific SST anomalies too. However, soil erosion and dust storms (a result of poor agricultural practices) intensified the drought in the United States (Cook et al., 2009) . It is not known if dust storms during the Pampas Dust Bowl also had such an effect but, like its northern cousin, it was initiated by small changes in tropical SSTs.
Implications of climate variations for agriculture in SESA
SESA is one of the world's main food baskets and food exporters and a key region for global food security. Its relative contribution to global food availability has greatly increased in the last 20 years and is expected to further increase in the next decades. Large areas of the region have been traditionally used to sustain livestock production based on natural grasslands. But over the 20 th Century vast regions with fertile soils were grad-ually converted to croplands even as large areas were kept under grasslands and used for livestock production. However, during the 1990s and 2000s, the rate of agricultural expansion in SESA has drastically increased driven by increased demand for soybeans and other grains from emerging Asian markets, mainly China and India. This expansion of croplands to regions traditionally considered marginal for crop production, such as the Western Inland Pampas of Argentina (Baldi and Paruelo, 2008) , was enabled by the increase in precipitation over the last few decades of the 20 th Century (Magrin et al., 2005; Giménez and Baethgen, 2006) . As a consequence of these changes in market conditions and climate, 18 million ha of forests and grasslands in SESA have been converted to croplands since the turn of the century (mainly to soybean, but also to maize, wheat, sunflower and rice).
Even in the absence of climate change the sustainability of cropland expansion in SESA is being questioned. On the one hand, the changes pose a threat to the provision of vital ecosystem services such as carbon sequestration and soil preservation (Viglizzo et al., 1997). Secondly, grain production is now concentrated in a few large corporations imposing challenges to the social sustainability of small to medium crop producers and family farmers traditionally devoted to extensive livestock production. Finally, some of the lands converted to croplands are considered marginal lands for annual crop production due to soil physical and chemical properties and/or insufficient rainfall to sustain crop production. On top of these concerns there is climate change with the most serious concern being whether the long term increase in precipitation in SESA that has allowed cropland expansion will continue in the future as would be expected if it were caused by anthropogenic climate change. The current work suggests that any anthropogenic wetting trend is weak and, instead, the observed trend is strongly influenced by natural multidecadal oscillations of the climate system. If so, then the wetting trend cannot be expected to continue. Consequently climate variability raises additional concerns for the long-term sustainability of cropland expansion in SESA. 
